INTRODUCTION
Malaria remains a major public-health problem in sub-Saharan Africa. 1 Effective management of malaria is focused on use of long-lasting insecticidal nets, indoor residual spraying of insecticides, intermittent preventive therapy in pregnancy, and treatment of acute infections with artemisinin-based combination therapy (ACT). 1 However, effective chemotherapy is dependent on prompt and accurate diagnosis of malaria to avoid unnecessary use of antimalarial agents and selection of resistant parasites.
Light microscopy remains the gold standard for malaria diagnosis, because it can provide information on both the species and parasite density of infection. 2 Unfortunately, the procedure is not often used at the periphery of the health-care system because of the need for skilled personnel, power supply, good quality microscopes, and reagents. Microscopy is also time-consuming and burdensome in young children during epidemiological surveys where repeated measurements are required. Diagnostic strategies, thus, need to be simple, practical, and applicable, especially in malaria-endemic, resource-poor regions of Africa.
The availability of rapid diagnostic tests (RDTs) based on detection of parasite antigen offers an alternative method to improve malaria diagnosis. 3, 4 The major advantages of RDTs include the ease of use and diagnosis at point of care with minimal infrastructure. However, despite the benefits of the RDTs, the increased risks of needle injuries and disease transmission as well as cultural blood taboos pose limitations. Thus, the development of a non-invasive rapid method of malaria diagnosis using body fluids other than blood would provide a more readily applicable method useful in the periphery of the health-care delivery system. Saliva is readily available and easily collected on request from patients. It has been used as a diagnostic test fluid for the evaluation of humoral immunity to infectious agents such as hepatitis A, HIV, measles, mumps, and rubella viruses. [5] [6] [7] Recent reports describing polymerase chain reaction (PCR) detection of Plasmodium falciparum DNA in human saliva 8, 9 represents a major, though technically demanding, advancement in diagnosis of malaria. In addition, P. falciparum histidine-rich protein II (pfHRP-II) antigen was detected in saliva of malaria patients using a Malaria Antigen enzyme-linked immunosorbent assay (ELISA) kit. 10 Although the assay was time consuming (~2 hours and 15 minutes) with a low sensitivity (43%) and involved the use of expensive instrumentation, 10 the report further showed the potential of a non-invasive approach for malaria diagnosis.
Thus, there is an urgent need to develop a more sensitive and less expensive diagnostic test capable of rapidly detecting parasite antigen in saliva at point of care. Availability of such diagnostic tools together with the use of artemisininbased combination therapy would be valuable in protection of special high-risk groups of children and pregnant women and delaying of development of resistance. In this study, we show detection of P. falciparum lactate dehydrogenase (pLDH) in saliva of malaria patients using the OptiMAL-IT dipstick (RDT) (Diamed AG, Cressier s/Morat, Switzerland). In addition, PCR detection of pfcrt K76T polymorphism in parasite DNA from saliva samples is reported. Study design and sample collection. Patients. Patients aged 8 months to 13 years were eligible to participate in the saliva study if they had microscopically confirmed pure P. falciparum infection ≥ 2,000 parasites/μL blood, a temperature ≥ 37.5°C or recent history of fever, and absence of other concomitant illness. Written informed consent was obtained from the parent or guardian before enrollment into the study. Patient enrollment, sample collection, and analysis of samples by microscopy, RDT, or PCR are shown in Figure 1 . Matched samples of blood and saliva were collected from patients at presentation before treatment. Ten children with thin-and thick-film negative slides were also enrolled to serve as negative controls, and matched blood and saliva samples were obtained from each of these children.
MATERIALS AND METHODS

Study
Abstract. The diagnosis of malaria in biological fluids other than blood using non-invasive, rapid diagnostic techniques provides a valuable approach in case management and epidemiological studies of malaria. Rapid detection of Plasmodium falciparum lactate dehydrogenase (pLDH) in saliva samples from 130 of 144 children with microscopically confirmed P. falciparum infection was evaluated using Optimal-IT dipsticks. Genotyping of parasites was also performed in saliva and blood samples from a cohort of patients by polymerase chain reaction (PCR). The sensitivity of the dipstick in whole-blood, whole-saliva, or supernatant of spun saliva samples was 97.2%, 77.9%, and 48.4%, respectively. The sensitivity of the dipstick in whole-saliva samples was significantly higher than in supernatant of spun saliva samples ( P < 0.0005). Mutant T76 allele was detectable in 60% and 57% of blood and saliva samples, respectively. This finding shows rapid detection of pLDH in patient saliva.
Malaria diagnosis using thin-and thick-smear films. Thick and thin blood films were prepared from each patient at enrollment and allowed to dry. The blood films were stained with 10% Giemsa stain and analyzed under the microscope at 1,000× magnification for the presence of malaria parasites. Slides were read independently by two expert microscopists. The study was blinded, because results from microscopy were not shared with the individuals performing the RDT until all samples were processed. Parasitemia levels were calculated with results from thick films. Parasites were counted in at least 100 consecutive fields to rule out any negative thickfilm slide. Parasite densities were calculated with reference to 6,000 white blood cells/μL and were expressed as parasites per microliter of blood.
Blood and saliva samples for rapid diagnostic tests. Ten microliters of capillary blood samples from a finger prick were obtained from each patient for qualitative diagnosis of malaria using RDT and analyzed immediately. Non-stimulated oral fluid was collected from each patient who was able to expectorate into sterile tubes. In a cohort of patients, whole saliva was analyzed with RDT immediately, whereas in another cohort of patients, saliva samples were stored at 4°C for 24 hours before analysis. The stored samples were thereafter centrifuged at 14,000 revolutions per minute (rpm) for 3 minutes, and 10 μL of the supernatant was used for RDT.
Rapid diagnostic test. Diagnosis of P. falciparum in blood was performed using the OptiMAL-IT dipsticks according to the manufacturer's protocol. For diagnosis of P. falciparum in saliva, one drop of the buffer provided by the manufacturer was placed in the sample well of the device, whereas three drops of the buffer were placed in the wash well and allowed to stand for 1 minute. Ten microliters of whole saliva or supernatant of spun saliva were transferred into the sample well, mixed properly, and allowed to stand for 1 minute. The dipstick was placed into the sample well and allowed to stand for 10 minutes. The dipstick was thereafter transferred into the wash well and allowed to stand for another 10 minutes. An RDT result was considered positive when both the internal control band and the test band were stained red. A test result was considered negative if only the internal control was stained. A result was considered invalid if the internal control was not stained, irrespective of the presence of a test band.
Extraction of parasite genomic DNA from filter-paper blood samples. Parasite genomic DNA was extracted from filter-paper blood samples using the chelex extraction method as previously described. 11 Five microliters of the extraction product were used for PCR detection of pfcrt K76T polymorphism.
Extraction of parasite genomic DNA from saliva samples. Whole saliva collected was centrifuged for 3 minutes at 14,000 rpm. The supernatant was aspirated while the pellet was resuspended in 1 × phosphate buffer saline (PBS)/1% saponin solution by gentle tapping and vortexing. The resuspended pellet was incubated at room temperature for 20 minutes for cell lysis. The sample material was centrifuged for 2 minutes at 14,000 rpm, and the supernatant was discarded. The pellet was washed two times with 1× PBS, resuspended in 20% chelex, and heated for 15 minutes with brief vortexing. The solution was centrifuged for 3 minutes at 14,000 rpm. The supernatant containing DNA was carefully transferred into a pre-labeled microcentrifuge tube, excluding chelex, and 5 μL were used for PCR analysis.
Determination of P. falciparum population structures in saliva and blood samples. P. falciparum population structure was determined in matched saliva and filter-paper blood samples from 33 consecutive children with microscopically confirmed P. falciparum infection and four healthy volunteers. Parasites' population structure was determined using parasite polymorphic loci as described previously. 12 Nested PCR and restriction fragment-length polymorphism analysis of P. falciparum point mutations in pfcrt genes in saliva and filter-paper blood samples obtained from patients. The K76T polymorphism on pfcrt gene (GenBank accession no. AF030694) was detected by nested PCR followed by restriction fragment length polymorphism (RFLP) as previously described. 13 Parasite DNA from 3D7 and Dd2 laboratories strains of P. falciparum served as positive and negative controls, respectively, in all PCR and enzyme-digest procedures. All digest products were resolved on 2% agarose gel and visualized under ultraviolet (UV) transillumination after staining with ethidium bromide. Contamination control measures included the use of dedicated equipment in separate laboratory areas for each assay step.
Statistical analysis. Data entry was performed using Microsoft Excel. Analysis was performed using both Excel STAT and SPSS. Diagnostic performance was evaluated using standard measures of diagnostic accuracy, including sensitivity and specificity. κ coefficient was used to calculate the agreement between the diagnostic tests.
RESULTS
Patients profile. One hundred forty-four patients with microscopically confirmed P. falciparum malaria were recruited into the study, and 10 individuals with microscopically negative blood films served as controls; 294 specimens were obtained from all the participants. Geometric mean parasite density in the patients was 59,179 asexual parasites/μL blood (range = 2,463-551,614); mean age of the patients was 7.2 ± 3.00 years (range = 0.7-13 years), and mean axillary temperature at presentation was 38.32 ± 1.21°C (range = 35.8-41.0°C). Thirtyfour children were ages less than 5 years, and 110 children were older than 5 years. All patients provided blood samples, whereas saliva samples were obtainable only from 130 patients. Fourteen patients did not provide saliva samples (three of these patients were very young and aged ≤ 2 years, whereas the remaining 11 patients aged 4-11 years declined providing saliva samples). All 10 controls provided blood and saliva samples. Saliva samples obtained from 68 of 130 patients were used as whole saliva for RDT analysis; saliva samples obtained from 62 of 130 patients were spun, and the supernatant was used for RDT analysis.
Evaluation of RDT in blood and saliva samples. RDT analysis was positive in blood samples from 140 of 144 (97.2%) patients with microscopically confirmed P. falciparum malaria ( Table 1 ) . Parasitemia in the four RDT negative samples were 17,405, 45,607, 45,711, and 72,115 parasites/μL blood. Parasite lactate dehydrogenase was detected with RDT in whole saliva of 53/68 (77.9%) patients ( Table 1 ) . RDTs in blood samples from all the patients with saliva-positive RDT were also positive. Parasitemia in the 15 patients with saliva RDTnegative samples ranged from 2,571 to 334,298 parasites/μL blood. All blood samples from these 15 patients were positive by RDT. Parasite lactate dehydrogenase was detectable in the supernatant of spun saliva of 30/62 (48.3%) patients ( Table 1 ) . The matched blood samples from these patients were also positive by RDT. Parasitemia in the 32 RDT-negative supernatant samples ranged from 3,576 to 237,000 parasites/μL blood. Of 32 patients with RDT-negative supernatant samples, 28 patients had RDT-positive blood samples, whereas both saliva and blood samples from the remaining four patients were RDT-negative. The parasite densities in the four RDTnegative saliva and blood samples were 17,405, 45,607, 45,711, and 72,115 parasites/μL blood.
Comparative evaluation of the efficiency of RDT in blood and saliva samples. The sensitivities of the RDT for detection of parasite lactate dehydrogenase in whole-blood, matched whole-saliva, or supernatant of spun saliva samples were 97.2%, 77.9%, and 48.4%, respectively ( Table 1 ) . Specificity of the RDT was 100% in whole blood or saliva using the negativecontrol samples. The sensitivity of the RDT in whole blood was significantly higher than in whole saliva or supernatant of spun saliva (97.2% versus 77.9%, P < 0.000005; 97.2% versus 48.4%, P < 0.000001, respectively). The processing of the saliva sample had a significant effect on the efficiency of RDT, which is evidenced in the significantly higher sensitivity of RDT in whole saliva compared with supernatant of spun saliva (77.9% versus 48.4%, P < 0.0005). The agreement between microscopy and the RDT in blood at a threshold parasitemia of > 2,000 parasites/μL blood was very good (k = 0.820), whereas it was The gold standard is microscopy. Number positive = 144 (100%). SPSS version and Epi info were used for statistical analysis.
moderate in whole saliva (k = 0.475) and slight in supernatant of spun saliva (k = 0.207), respectively. PCR detection of P. falciparum in human saliva. Thirtyseven participants were enrolled into this aspect of the study. There were 33 patients with microscopically confirmed P. falciparum infection and 4 individuals with negative Giemsa-stained blood films who served as controls. RDTs were positive in supernatant of spun saliva samples of 11/33 (33%) patients. All the four controls had saliva-(supernatant) and blood-negative RDTs.
Parasites genotyping. Parasite population diversity by nested PCR was successful in 18 and 16 genomic DNA extracted from blood and saliva samples, respectively. Polyclonality of infections was detected in both blood and saliva samples. Eleven matched blood and saliva samples from the same patients were analyzed for glutamate-rich protein (GLURP) . Seventy-three percent (8/11) of the matched samples gave the same parasite clonal size and number, whereas 27% (3/11) showed different para site population. The rest of the samples not matched were poly clonal and showed amplification either in parasite genomic DNA obtained from blood (7) or saliva (5) alone.
Comparison of microscopy and nested PCR-RFLP in saliva samples. Ninety percent of saliva samples obtained from patients with P. falciparum malaria were positive by nested PCR, whereas two saliva samples from the four negative controls were positive by nested PCR. The sensitivity and specificity of PCR-RFLP in saliva was 91% [95% confidence interval (CI) = 81.1-100%] and 50% (95% CI = 1-99%), respectively, with an agreement of 0.369 ( Table 1 ) .
PCR-RFLP genotyping of pfcrt K76T on blood and saliva. Eighty-one percent of parasite genomic DNA extracted from blood samples were successfully amplified by nested PCR and RFLP. Similarly, 89% (33/37) of parasite genomic DNA extracted from saliva were successfully amplified, whereas 11% (4/37; two from malaria patients and two from healthy controls) of the genomic DNA from the saliva were not successfully amplified. In the blood samples, the wild-type K76 allele of pfcrt gene was observed in 20% of the samples, whereas 60% and 20% harbored mutant T76 and mixed K76 + T76 allele of pfcrt gene, respectively. In the saliva samples, wild-type K76 allele of pfcrt gene was present in 18% of the saliva samples, whereas 57% and 25% harbored mutant T76 allele and mixed K76 + T76 allele of pfcrt gene, respectively.
DISCUSSION
The ideal procedure for obtaining samples for the diagnosis of malaria should be simple, non-invasive, painless, and practicable by all categories of health workers. In addition, presence of parasites or its product should be readily demonstrable in samples obtained by the procedure. Obtaining saliva samples seems to have fulfilled many of these criteria. Rapid detection of pLDH antigen in whole saliva of children with P. falciparum infection using OptiMAL-IT dipsticks was shown for the first time in this study with a test sensitivity of 77.9%. This finding raises hope of the potential for the use of non-invasive, nonmicroscopic yet rapid techniques in the diagnosis of malaria. The present observation supports the limited reports describing potential to diagnose malaria using saliva samples. [8] [9] [10] The high sensitivity (detection threshold > 2,000 parasites/ μL of blood) and specificity of the Optimal-IT dipsticks in patient blood at presentation as observed in this study are consistent with previous reports. [14] [15] [16] Results from the present study show that spinning saliva samples before analysis significantly decreased the sensitivity for antigen detection by the RDT (sensitivity = 48.3%). This finding was consistent with a previous report describing detection of pfHRP-II in supernatant of spun saliva by plate assay at a sensitivity of 43%. 10 One possible explanation for this finding is the fact that centrifugation of saliva samples may have resulted in the sedimentation of parasite proteins and thus, concentrations of parasite antigen detectable in supernatant may have been low. Reports have shown that the apparent accuracy of any RDT in detecting malaria parasites is dependent on various factors, which include concentration of target antigen in host blood, dynamics of antigen-antibody flow along the nitrocellulose strip, and availability of target epitopes to bind antibodies in the test. 17 Storage also seems to be a factor that may have influenced antigen detection in spun saliva samples. Bell and Peeling 17 reported that stored blood can lose antigen activity, and early lysis and protein coagulation can inhibit flow, thus influencing the results of RDT-based malaria diagnosis.
The approach for analysis of whole-saliva samples from patients as described in this study is a less complex and more sensitive alternative that can be easily applied in malariaendemic countries of Africa. This approach contrasts with the technique described by Wilson and others, 10 which is cumbersome, time-consuming, and more expensive because it requires centrifugation and two incubation steps as well as the use of a spectrophotometric plate reader; this hinders its routine use in resource-depleted countries where malaria is endemic. In the present study, the enhanced detection of parasite antigen in fresh whole-saliva samples shows potential superiority of whole saliva over spun saliva for rapid detection of malaria infection.
Although this study clearly shows the potential to use saliva as a non-invasive body fluid for rapid diagnosis of malaria, there are still many challenges in establishing saliva as a reference fluid for diagnosis. For instance, in this study, RDT failed to detect parasite antigen in some whole-saliva samples, despite high parasitemia (2,571-334,298 parasite/μL blood) and positive RDT in matching whole-blood samples from the same patients. The reasons for this disparity are unclear. However, it is possible that differences in concentration of parasite antigen in whole blood and saliva may be responsible for the lack of detection of parasite antigen in saliva, despite high parasite densities and positive RDT in matching blood samples. In a recently reported study using quantitative PCR analysis, it was shown that the amount of parasite DNA quantified in peripheral blood samples from infected patients was ~600-fold greater than in saliva samples, although a statistically significant correlation between parasite density and amount of parasite DNA in saliva was observed. 9 A full understanding of biological processes leading to the release of parasite antigen in saliva would provide more insight into these disparities. Furthermore, matched blood and saliva RDTs of four patients with microscopically confirmed P. falciparum malaria were negative despite high parasite densities. The exact reason for this is not immediately known, although the possibility of gene deletion may explain, in part, the reason for the false-negative RDT. Gene deletion has been postulated in isolates that do not express pfHRP-II and yield false-negative results with Parasight-F dipsticks. 18, 19 Further investigation for these and other non-expressed antigens need to be considered.
The additional challenge with the use of saliva as a diagnostic fluid is the fact that the sensitivity of the RDT in whole saliva reported in our study is still below optimum. The World Health Organization recommends a minimum standard of 95% sensitivity at parasite densities of 100/μL. 17 Obviously, one of the reasons for the low sensitivity of detection using Optimal-IT dipsticks in saliva may be the fact that this RDT was commercially designed to detect high levels of lactate dehydrogenase in whole blood and not in saliva. Therefore, proteomic analysis and quantification of pLDH or other potential Plasmodium antigens circulating in saliva is needed to develop an RDT specifically for saliva samples.
The results from this study also confirm detection of P. falciparum DNA by PCR in saliva of patients with P. falciparum malaria. 8, 9 P. falciparum population structure in most saliva samples was identical to that found in corresponding fingerprick blood samples of the same individual. The polyclonal nature of most infections in both saliva and blood samples is consistent with previous reports 12, 13 from the same study site. Nested PCR with RFLP techniques are frequently used to detect polymorphisms in parasite genes that serve as molecular markers of antimalarial drug resistance. [20] [21] [22] This approach was used in saliva samples to detect K76T polymorphism on the pfcrt gene that is associated with chloroquine resistance. Similar K76T pfcrt genotypes were observed in the parasite genomic DNA extracted from filter-paper blood samples and saliva samples. The high prevalence of the mutant pfcrt 76T allele in both saliva (57%) and blood (60%) specimens is consistent with previous reports [20] [21] [22] from genomic DNA extracted from blood sample.
Overall, this study has shown the rapid detection of malaria parasite antigen in saliva. Improvement of the sensitivity of this non-invasive method would provide a potentially valuable adjunct to microscopy, especially at the time of emergency for rapid diagnosis of malaria. However, expert microscopy will still be required for species identification and confirmation of a negative blood and saliva RDT result. Furthermore, there is a need to evaluate the value of using RDTs in detecting parasite antigen in saliva during longitudinal studies to monitor and evaluate the efficacy of antimalarial drugs with lengthy follow-up periods and low levels of parasitemia. Such studies would provide an opportunity to study the time course of appearance and dissipation of parasite antigen in saliva.
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